tion of aberrant b-globin mRNAs. In addition, we emphasize the importance of these pathways in modulating the severity of the b-thalassemia phenotype.
Introduction
Post-transcriptional controls play an important role in gene expression regulation. A major component of these controls is exerted at the level of mRNA stability, which is determined by a combination of interactions between cis-acting mRNA sequences and trans-acting mRNA-binding proteins. The cis-acting determinants include the 5' m 7 Gppp cap structure, the 5' and 3' untranslated regions (UTRs), the 3' polyadenylated [poly(A)] tail and sequences in the coding region. [1] [2] [3] [4] The closed loop structure shared by almost all eukaryotic mRNAs that link the 5' cap structure to the 3' poly(A) tail through the interaction of the cap binding protein complex with the poly(A) binding protein (PABP) contributes to mRNA stability as it protects the termini from exonuclease activity. [1] [2] [3] Examples of other determinants that regulate mRNA stability include AU-rich elements in the 3'UTR of some interleukin mRNAs and the iron-responsive element in the transferrin receptor mRNA, or the JNKresponse element in the 5'UTR of the interleukin-2 transcript. 4 Otherwise, mRNA degradation typically initiates with deadenylation of the 3' poly(A) tail followed by decapping and degradation of the mRNA body in either the 5' to 3' or the 3' to 5' direction. In the 5' to 3' decay pathway, the cap structure is cleaved by the Dcp2 decapping enzyme and the monophosphate RNA is degraded by proteins from the Xrn family. Degradation from the 3' end is carried out by the exosome complex 5 after deadenylation by PARN, PAN2 and CCR4-POP2-NOT protein complexes. 4, 5 Intrinsic stabilities of eukaryotic mRNA can differ by over a 100-fold, from several minutes to several days. 6 Short-lived mRNAs usually encode proteins that must undergo dramatic changes in expression levels within a brief time frame. Such proteins include cell cycle control factors, proto-oncogenes, and cytokines. 7 In contrast, mRNAs that encode highly abundant functional proteins tend to be highly stable. Examples of such highly stable mRNAs include crystallins, 6 collagens 8 and globins. 8, 9 Globin mRNAs are unusually stable. The importance of globin mRNA stability in red blood cell differentiation and function is related to the fact that the final reticulocyte stage of erythroid development lacks the nucleus. However, translation needs to continue for up to three days after enucleation and cessation of transcription sustaining the synthesis of the globin proteins. In most studies, globin mRNA half-lives vary from 10 to 24 hours. 3 Several naturally occurring mutations affecting the expression of human globin genes, resulting in the clinical syndrome of thalassemia, have been described. The outcome of many of these thalassemic mutations is the inhibition of efficient mRNA transcription and/or processing, resulting in decreased mRNA levels. Destabilization of abnormally processed mRNAs may result from mutations that affect normal splicing or block polyadenylation. 3 Mutations that introduce premature translation-termination codons (PTCs; nonControl of human b-globin mRNA stability and its impact on beta-thalassemia phenotype Messenger RNA (mRNA) stability is a critical determinant that affects gene expression. Many pathways have evolved to modulate mRNA stability in response to developmental, physiological and/or environmental stimuli. Eukaryotic mRNAs have a considerable range of half-lives, from as short as a few minutes to as long as several days. Human globin mRNAs constitute an example of highly stable mRNAs. However, a wide variety of naturally occurring mutations that result in the clinical syndrome of thalassemia can trigger accelerated mRNA decay thus controlling mRNA quality prior to translation. Distinct surveillance mechanisms have been described as being targeted for specific defective globin mRNAs. Here, we review mRNA stability mechanisms implicated in the control of b-globin gene expression and the surveillance pathways that prevent transla- 3, 10 Nonsense mutations are amongst the most prevalent bglobin mutations that cause b-thalassemia whereas the antitermination mutation (TAA→CAA) at the major fetal/adult α2-globin gene, known as hemoglobin Constant Spring (α CS ), accounts for the majority of nondeletional forms of α-thalassemia worldwide. In this review, we present the major cellular mechanisms that specify the role of mRNA stability in the control of b-globin gene expression during terminal differentiation of erythroid cells. We also provide an overview of the surveillance pathways that have been described to prevent translation of aberrant b-globin mRNAs. Furthermore, we emphasize the importance of these mechanisms in the control of gene expression, as well as in modulating the severity of the b-thalassemia phenotype.
Human globin mutations and mRNA stability determinants
Human α-and b-globin genes descend from a common ancestral gene, share general and specific structural features, and both encode extraordinarily stable mRNAs in erythroid cells, which allow co-expression of α-and bglobin proteins to reach high levels. Human globin gene expression is a highly regulated process requiring transcriptional and post-transcriptional controls. Although the mechanisms involved in regulation of α-globin mRNA stability have been characterized in detail, neither the cis-elements nor the trans-acting factors that specify the high stability of b-globin mRNA are well known. Different studies have suggested a b-globin mRNA halflife in the range of 10 to 20 hours. 8, 9, [11] [12] [13] Even though various naturally occurring mutations are known to affect globin gene expression, few provide information about the mechanism underlying the high mRNA stability. An example studied in detail is the α CS mutation. First described in 1971 by Clegg et al., 14 α CS mutation allows the ribosome to translate an additional 31 codons into the 3'UTR, originating the hemoglobin Constant Spring. Since heterozygotes for the mutation express the C-terminally extended globin protein at only 3% of the wild-type α-globin level and the α CS mRNA is transcribed at normal rates while the α CS protein is stable, 14 the loss of expression reflects a defect in the cytoplasmic α CS mRNA accumulation. [15] [16] [17] Studies in the human α-globin mRNA showed that the loss of stability is related to the ribosome readthrough beyond the native stop codon that interferes with a determinant within the 3'UTR. This determinant comprises three non-contiguous C-rich sites (pyrimidine-rich element, PRE) and provides the binding site for the α-globin poly(C)-binding protein (αCP). 15, [18] [19] [20] Three mechanisms have been shown to contribute to mRNA stability via αCP. First, this α-complex appears to inhibit poly(A) shortening, 17, 21 probably via a direct interaction of αCP with the poly(A) binding protein (PABP). 21 Second, the binding of αCP protects mRNA from an erythroid endoribonuclease attack. 21 Third, the mechanism by which the α-complex can confer RNA stability in vitro was also identified and shown to involve inhibition of 3' to 5' exonucleolytic degradation. 22 A frameshift mutation between codons 146 and 147 of the human b-globin gene that consists of a dinucleotide CA insertion, which abolishes the normal stop codon at position 147, was also described. 23 This insertion results in the elongation of the b-chain by 11 aminoacid residues at its C-terminus generating hemoglobin Tak. 23 This hemoglobin has a high oxygen affinity 24, 25 causing secondary polycythemia. Most individuals with this condition have asymptomatic erythrocytosis, but a homozygote for the Tak mutation has already been reported with hypoxemia and aggravated respiratory distress. 25 These data indicate that, unlike the α CS mRNA, the Tak mutation in the b-globin mRNA, which permits ribosomes to read 11 codons into the 3'UTR before they encounter an in-frame termination codon, have little impact on the overall b-globin mRNA stability, suggesting that crucial stability elements are located downstream of this region. It has also been suggested that α-and b-globin mRNAs might be stabilized through potentially divergent mechanisms.
Naturally occurring mutations have also been described within the b-globin 3'UTR. 26 However, the possibility that these naturally occurring mutations affect b-globin mRNA stability has not been clarified. [26] [27] [28] Bilenoglu et al. 27 have shown that a 13 nucleotide (nt) deletion, located 17 nt upstream of the poly(A) signal, seems to reduce the accumulation of cytoplasmic mRNA without significantly impairing its stability. On the other hand, Cai et al. 28 described a T→C substitution in the same sequence, 12 nt upstream of the poly(A) signal. These authors hypothesize that it might lead to destabilization of the encoded bglobin mRNA. 28 Besides, mutations in the polyadenylation signal of b-globin have been identified in b + -thalassemic patients resulting in inefficient cleavage and absence of polyadenylation of mRNA at the normal poly(A) site. [29] [30] [31] [32] The importance of these mutations in gene expression relies on the critical role of polyadenylation on mRNA stability and export to the cytoplasm. Polyadenylation also affects the efficiency of translation in the cytoplasm: PABP1 bound to the poly(A) tail seems to help recruiting ribosomes to the cap site through mRNA circularization.
33
Human b-globin mRNA stability elements Some experimental results suggested a role for the bglobin 3'UTR in the mRNA stability mechanism. Indeed, the replacement of the 3' end of the c-fos mRNA (an unstable mRNA) with the 3' end of the b-globin mRNA increases the half-life of the resultant hybrid mRNA, whereas the reciprocal hybrid transcript shows a decreased half-life compared with the normal b-globin mRNA. 34 Thus, after PRE was first described in the α-globin mRNA, 35 the 3'UTR of the b-globin mRNA was also screened for the presence of a stability element comparable to the one found in α-3'UTR. The destabilizing effect of ribosomal entry into the b-globin 3'UTR was assessed by introducing two tandem antitermination mutations into the wild-type human b-globin gene that permit ribosomes to translate 37 codons into the 3'UTR of the encoded b-globin mRNA. 36 The mutant b-globin mRNA was less stable in cultured erythroid cells, indicating that, as in human α-globin mRNA, an unperturbed 3'UTR is crucial to maintain mRNA stability, and that both α and b elements are sensitive to disruption by readthrough ribosomes. 36 However, the extent of readthrough necessary for mRNA destabilization differs between both mRNAs. While the α-globin mRNA is destabilized by ribosomes that readthrough for 4 codons into the 3'UTR, destabilization of the b-globin mRNA needs translation for more than 10 codons. 36, 37 Also, b-glo-bin mRNA stability is destroyed only when two mutations separated by 35 nt are located in cis, suggesting that b-globin mRNA stability motif might be composed of two independent and redundant elements. Consistent with these data is the evidence that the naturally occurring C→G mutation 6 nt downstream of the normal termination codon fails to destabilize the corresponding bglobin mRNA. 38 Actually, the available data suggest that the α-and b-globin mRNA stability elements are structurally and functionally distinct. 3, 36 An mRNP complex mediating the high stability of normal human b-globin mRNAs With the aim of characterizing trans-acting factors involved in the mechanism underlying the high stability of the human b-globin mRNA, Yu and Russell 39 described an mRNP complex that assembles on the 3'UTR of the bglobin mRNA and exhibits some of the properties of the α-complex. The b-globin mRNP complex was shown to contain one or more factors homologous to the αCP. Sequence analysis implicated a specific 14-nt pyrimidinerich track within the b-globin 3'UTR at 34 nt downstream of the normal UAA codon, as the site of the mRNP assembly. 39 In agreement with these data is the observation that a naturally occurring 13 nt deletion within the b-globin 3'UTR, 90 nt downstream the native termination codon, does not alter mRNA stability. 40 The existence of a b-globin mRNP complex involved in the mechanism by which mRNA is highly stable had already been suggested previously. This study showed that a HeLa whole-cell extract contains a factor that protects b-globin mRNA from attack by RNases present in an MEL cell cytoplasmic extract. 41 It is possible that this factor may be a constituent of the αCP-homologous b-globin mRNA complex. Moreover, Jiang et al. 42 identified a new determinant in the b-globin 3'UTR, positioned on an mRNA half-stem opposite PRE that functions as a binding site for the RNAbinding factor nucleolin. The results from this study lead the authors to hypothesize a model for b-globin mRNA stability that is related to, but distinct from the mechanism that stabilizes α-globin mRNA. The proposed model relies on the potential of b-globin 3'UTR to assume a highly stable stem-loop structure that incorporates the b-PRE and nucleolin-binding sites into half-stems. This native structure would be remodeled by nucleolin binding, which would facilitate αCP access to b-PRE and, therefore, enhance b-globin mRNA stability. 42 
mRNA surveillance mechanisms
Gene expression regulation at the post-transcriptional level allows cells to rapidly adapt to changes in their environment by altering the patterns of gene expression. 43 The detection and degradation of defective and improperlyprocessed transcripts is essential to ensure that information flowing from the nucleus into the cytoplasm is of high quality prior to translation. Thus, cells have evolved surveillance mechanisms to guarantee a tight mRNA quality control, acting at several steps of mRNA biogenesis. 44 Mammalian mRNA surveillance pathways include the nonstop decay pathway (NSD), the nonsense-mediated mRNA decay (NMD) and the ribosome extensionmediated decay (REMD) ( Table 1) .
The NSD targets mRNAs lacking in-frame termination codons. This mechanism is translation-dependent and results in rapid decay of the aberrant transcripts. 45 In the absence of a stop codon, translation proceeds along the poly(A) tail, the ribosome stalls at the 3' end and the empty ribosomal A site is recognized by Ski7 protein.
Then, Ski7 protein recruits Ski2-Ski3-Ski8 protein complex, which facilitates ribosome release and results in degradation of the target transcripts by the exosome. 46 Recently, Kong and Liebhaber 49 described the REMD, a novel surveillance mechanism. This mechanism accounts for marked repression of α CS globin synthesis. Transcripts harboring the α CS mutation are translated for an additional 31 codons into the 3'UTR before terminating at the poly(A) signal (see above). This ribosome extension triggers accelerated deadenylation of the α CS transcript resulting in reduced stability of the α CS mRNA. 50 REMD has a different mechanistic profile to other surveillance pathways by (i) its functional linkage to accelerated deadenylation; (ii) its independence from the NMD factor UPF1; and (iii) cell-type restriction. This unusual pathway of mRNA surveillance is likely to act as a modifier of additional genetic defects and may reflect post-transcriptional controls peculiar to erythroid and other differentiated cell lineages. 49 The best characterized surveillance mechanism is NMD. The physiological importance of NMD is to limit the synthesis of C-terminally truncated proteins, thus protecting the cell from their deleterious dominant-negative or gain-of-function effects. The biological and medical significance of the NMD pathway is suggested by the fact that approximately one-third of all inherited genetic disorders are due to PTCs, and in many of these cases, NMD influences the severity of the clinical phenotype. 47, 51 The discovery of the NMD pathway has provided an explanation for the long-lasting observation that the cells degrade PTC-containing mRNAs. PTCs can be generated by a series of events like naturally occurring frameshift and nonsense mutations, splicing errors, leaky 40S scanning or utilization of minor AUG initiation sites.
52,53
Overview of the NMD mechanism NMD is an evolutionary conserved mechanism found to be implicated in the surveillance and regulation of gene expression in all eukaryotes examined so far. Although the core process is conserved among species, important differb-globin mRNA stability and b-thalassemia haematologica | 2011; 96 (6) 907 ences concerning the mechanism of PTC definition and the specific degradation pathways of the target transcripts have been identified. In mammalian systems, both splicing and translation are crucial for recognition of the translation termination event as premature. 44 Generally, in mammalian cells, PTCs located more than 50-55 nt upstream of the last exon-exon junction are able to target mRNA for NMD, whereas, PTCs located downstream of this boundary are not, 54 suggesting that the process of splicing is implicated in mammalian NMD. This process involves the assembly of a "mark", during splicing, 20-24 nt upstream of exon junctions, therefore called EJCs (exonjunction complexes), that communicates the location of the translation termination event relative to the splice junctions to the NMD machinery 44, 48 ( Figure 1 ). The activation of NMD in the presence of a premature stop codon and a competent downstream EJC requires a link between the factors involved in translation termination and the EJC complex. That link is provided by the UPF (up-frameshift) proteins. According to current models, recognition of a nonsense codon as premature involves a direct interaction of EJC-bound UPF2 with the UPF1, a RNA-dependent ATPase and 5' to 3' helicase protein, whose activation upon phosphorylation by SMG1 protein is required for NMD [55] [56] [57] ( Figure 1 ). Under these circumstances, UPF1 also interacts with eRF1-eRF3 complex at the PTC, providing the molecular link between the terminating ribosome and the EJC. An interaction between UPF1 and UPF3 may also be involved in the NMD process. 57 These conserved NMD factors, the SMG proteins and the eRF1-eRF3 complex constitute the SURF complex. 58 Recently, Hwang et al. 59 showed that inhibition of binding of UPF1 to CBP80 results in inhibition of SMG1 and UPF1 association with eRF1 and eRF3 during SURF complex assembly at a PTC, and the subsequent association of SMG1 and UPF1 with the EJC. These results suggest that CBP80 at the mRNA 5' end can bridge SMG1-UPF1 to eRF1-eRF3 positioned at a PTC 59 ( Figure 1 ). The termination event is considered critical in the process of distinguishing a premature termination codon from a normal one. The eRF1 protein has a structure mimicking that of a tRNA molecule. It recognizes the stop codon in the A site of the ribosome and catalyzes the hydrolysis of the peptidyl-tRNA bond. 60 The eRF3 protein is a ribosome-and eRF1-dependent GTPase, and stimulates eRF1 activity in a GTP-dependent manner. 61 Emerging data showing that NMD can occur in the absence of splicing or downstream EJCs, and that the presence of a 3'UTR intron is not sufficient to define a stop codon as premature, challenged the requirement for splicing and EJCs in mammalian NMD. 44 Moreover, recent data suggesting that PTC definition of EJC-inde-
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haematologica | 2011; 96(6) Figure 1 . Simplified model of the nonsense-mediated mRNA decay (NMD) pathway. During splicing, exon-junction complexes (EJCs) assemble at 20-24 nucleotides (nt) upstream of exon-exon junctions. The translating ribosome displaces the EJCs during the pioneer round of translation. If a PTC is located more than 50-54 nt upstream from the last EJC, the terminating complex is able to interact with EJC-associated NMD factors. The CBP80 protein at the mRNA 5' end can bridge UPF1-SMG-1 to eRF1-eRF3 at the PTC, leading to the formation of the SURF complex. The interaction of UPF1 with EJC-bound UPF2 induces the SMG1-mediated phosphorylation of UPF1 and dissociation of eRF1-eRF3. Phosphorylated UPF1 recruits SMG-7 and SMG-5 proteins and EJC recruits SMG-6. The decay of the PTC-containing transcript is triggered by SMG-6 which possesses endonuclease activity. The degradation pathways of PTC-bearing mRNAs involve decapping (by DCP1/DCP2) followed by 5' to 3' exonucleolytic activity (by XRN1) as well as accelerated deadenylation and subsequent 3' to 5' exonucleolytic degradation (catalysed by the exosome complex).
pendent NMD relies on the 3'UTR length, depending on the distance between the termination codon and PABPC1, supports a role for PABPC1 in PTC definition. 62, 63 Accordingly, tethering studies performed by us and others indicate that PABPC1 is able to superimpose its inhibitory effect over EJCs provided that PABPC1 is favorably located relatively to the PTC. [62] [63] [64] [65] In fact, if PABPC1 is in close proximity to the PTC, it can impair the interaction between UPF1 and eRF3, and so inhibits NMD. 63, 65 The major decay pathways associated with regular mRNA turnover are rate-limiting steps involved in the disruption of the protective 5' cap and 3' poly(A) terminal structures. However, in mammalian cells, the decay step of NMD can be initiated by decapping and deadenylation. On the other hand, it was recently shown that SMG6, recruited by the EJC to the NMD target, 66 possesses the endonuclease activity responsible for initiating NMD in human cells 67 ( Figure 1) . In either case, the next step is the exonucleolytic decay of the resulting RNA fragments. The determinants which direct the NMD targets for each decay pathway have yet to be clarified.
When general rules for NMD are not obeyed: example of the nonsense b-globin transcripts
The human b-globin gene has two intervening noncoding sequences (introns) and three coding regions (exons) that are flanked by 5' and 3' non-coding sequences, the untranslated regions. 68 Thus, after the two introns are spliced out, two EJCs might be assembled on the transcript. 69, 70 A b-globin NMD-behavior corroborating the "50-55 nt boundary rule" has been described. Indeed, the first indications regarding whether a b-globin PTC elicits NMD, concerning its position relatively to the downstream intron, were obtained in the laboratories of Kulozik and Maquat 71, 72 (Table 2 ). These authors showed that b-globin nonsense mutations located in the 3' region of exon 1 (for example, at codon 26) and within the 5' two-thirds of exon 2 (at codons 36, 60/61, 75, and 82) elicit NMD. In contrast, mRNAs bearing PTCs towards the 3' end of exon 2 (at codons 88, 91, 95, 98, 101 and 103) and those with PTCs in exon 3 (at codons 106, 107, 114, 121 and 141) are all NMD-resistant. This illustrates a clear boundary between 48 and 66 nt upstream of the last exon-exon junction. Although the onset of the NMD process usually requires a minimum distance between the nonsense mutation and the final exon-exon junction, on b-globin transcripts the requirement for a maximum distance appears to be considerably less important. Indeed, a b-globin mRNA with a nonsense mutation at codon 39 74 remains NMD competent, even when the distance between the PTC and the 3' exon-exon junction is increased from the normal 180 nt up to 654 nt. 77 This is a much longer distance than the one required for NMD in the triosephosphate isomerase (TPI) transcripts. [78] [79] [80] On the other hand, an intronless human b-globin gene, carrying a nonsense mutation at codon 39, generates an mRNA that lacks the EJCs and, consequently, is immune to NMD. 77 This is supported by the fact that naturally intronless mRNAs containing PTCs are not usually degraded by NMD. 81 Furthermore, the insertion of an intron more than 50 nt downstream of the native stop codon, redefines this codon as premature and targets this mRNA to NMD. 72 However, exceptions to the "50-55 nt boundary rule" have also been reported for the human bglobin mRNAs. In fact, we have shown that b-globin transcripts containing naturally occurring nonsense mutations in the 5' region of exon 1 accumulate to levels similar to those of normal b-globin transcripts, being, unexpectedly according to their position, NMD-resistant. 73 Furthermore, a functional analysis of these mRNAs with 5' proximal nonsense mutations demonstrated that their resistance to NMD does not reflect abnormal RNA splicing or translation reinitiation and is independent of promoter identity and erythroid specificity. 13 Instead, the proximity of the nonsense codon to the translation initiation AUG is the basis of their NMD resistance. Therefore, the AUG-proximity effect can override the "50-55 nt boundary rule" in establishing the overall efficiency of NMD. 13 This NMD-resistance can be explained by the inherent nature of an extremely premature termination event, that could be sufficient to maintain PABPC1, bound simultaneously to the poly(A) tail and to the capassociated eIF4G, in close proximity to the PTC. PABPC1 would then be able to superimpose its inhibitory effect on NMD activation. 44 In addition to the AUG-proximity effect, translation re-initiation 3' to the nonsense codon may contribute to the alleviation of the NMD effect and, as an outcome, modulates disease phenotypes. 82, 83 If reb-globin mRNA stability and b-thalassemia haematologica | 2011; 96(6) 909 Table 2 . NMD modulates b-thalassemia phenotype depending on the position of the nonsense codon in the b-globin transcript. initiation occurs in frame downstream of the PTC, it produces an N-terminally truncated protein that may or may not be functional. These two parameters can independently contribute to the NMD-resistance of a nonsensemutated mRNA with implications for genotype-phenotype correlations in genetic disorders. 84 The NMD was also found to be triggered in hybrid mouse-human b-globin transcripts (carrying nonsense mutations at codons 21/22, 39 or 60/61) in the absence of the last intron 71 and, therefore, in the absence of the downstream EJC. Thus, the existence of a fail-safe mechanism was suggested where, in the absence of intron 2, a cis-acting sequence located within the coding region could function in NMD; this effect was also described for TPI mRNA. 78 Nevertheless, these results are in contrast with those described by Neu-Yilik et al., 77 who have shown that splicing is an indispensable component of the b-globin NMD pathway. In addition, a study using the IVS1 +5 G→A thalassemic b-globin allele as a model system showed that the splicing of the corresponding premRNAs at a criptic site generates a mature transcript carrying a PTC at codon 30 (located more than 55 nt 5' of the final exon-exon junction) that is immune to NMD. 85 Although the mechanism underlying this NMD-behavior was not clarified, it was demonstrated that neither abnormalities of splicing nor translation re-initiation at downstream AUG codons is the cause of the NMD resistance of this transcript. 85 
Position of the PTC NMD-behavior Phenotype Reference
Impact of the NMD mechanism on the b-thalassemia phenotype
The b-globin mRNA has been widely used as a model system for the study of the NMD mechanism and how it modulates the clinical outcome of genetic disorders. In fact, the deleterious effects that can be caused by the presence of C-terminally truncated proteins, and the benefits that can be achieved by the elimination of the mRNAs that encode these proteins, are clearly illustrated in b-thalassemia. This disorder exemplifies the phenotypic impact of the polar effect of PTCs at different positions within the same b-globin gene. 51 If a PTC is located at a position that activates NMD, the disease results in a recessive mode of inheritance and heterozygotes are asymptomatic ( Figure 2 and Table 2 ). In this case, the defective b-globin transcript is degraded by NMD resulting in limited synthesis of the truncated product. The excess of free α-globin, as well as the limited amount of truncated b-globin protein (if translated) are proteolytically degraded. Indeed, it has been shown that these defects result in very low amounts of b-globin chain production from the affected allele causing a reduction of about 50% of total b-globin chain synthesis in the heterozygote. This produces the clinically asymptomatic phenotype of b-thalassemia trait (also known as thalassemia minor), as heterozygotes usually synthesize enough b-globin from the remaining normal allele to support near-normal hemoglobin levels 51 ( Figure 2 and Table  2 ). An example of such a defect is the nonsense mutation CAG→TAG at codon 39 of the b-globin gene which accounts for a high percentage of b-thalassemia alleles in the Mediterranean region. 86 If the PTC is located at a position that does not induce NMD, at less than 55 nt upstream of the last exon-exon junction or at the 5'-part of exon 3, the amount of truncated protein that is synthesized might be small enough to be efficiently degraded by the proteolytic system of the red blood cell, together with the excess of free α-globin chains. In this case, the heterozygotes are also asymptomatic and the disease still I. Peixeiro et al. 910 haematologica | 2011; 96(6) Figure 2 . Nonsense-mediated mRNA decay (NMD) modulates disease phenotype. Map of the NMD-resistant and NMD-sensitive regions in the human b-globin mRNA. AUG-proximal premature termination codons (PTCs) do not trigger NMD but heterozygotes are asymptomatic, as the translated short b-globin peptides, along with the α-globin chains in excess, are effectively degraded. If the PTC is located downstream of codon 23 and more than 55 nucleotides (nt) upstream of the last exon-exon junction, the corresponding transcript is targeted for NMD and heterozygotes are also protected from thalassemia. In contrast, transcripts bearing PTCs located less than 55 nt upstream of the last exon-exon junction, or in the 5'-part of exon 3, escape NMD, resulting in the production of truncated proteins that are small enough to be efficiently degraded, along with the α-globin chains in excess, and heterozygotes are still asymptomatic for b-thalassemia. However, if the PTC is located further downstream, the encoded truncated nonfunctional b-globin proteins overwhelm the cellular proteolytic system and cause toxic precipitation of insoluble globin chains. Heterozygotes with these mutations are affected with dominantly inherited b-thalassemia intermedia.
results in a recessive mode of inheritance ( Figure 2 and Table 2 ). Such an example is the naturally-occurring nonsense mutation at codon 112 (TGT→TGA) of the b-globin gene. In fact, carriers for this mutation present hematologic data compatible with typical b-thalassemia recessive trait, being essentially healthy and only showing mostly insignificant abnormalities in hematologic indices. 75 In contrast, if the PTC is located further downstream at exon 3 of the b-globin mRNA, for example at codon 121 (GAA→TAA) or 127 (CAG→TAG), 88 NMD is also not triggered. However, instead, substantial amounts of mutant b-globin mRNA are present in the patients, encoding for truncated translation products that are long enough to overburden the cellular proteolytic system ( Figure 2 and Table 2 ). Under these conditions, accumulation of the truncated products, as well as free α-globin chains in excess, act in a dominant negative manner, leading to deleterious effects on the cell, as the nonfunctional globin chains cause toxic precipitation of insoluble globins. 51 This condition is related to a symptomatic form of the disease in heterozygotes called "thalassemia intermedia" and a dominant mode of inheritance. 76 It is mostly associated with mutations located in the final two-thirds of the third exon of the b-globin gene ( Figure 2 and Table 2 ). We have shown that naturally occurring PTCs in the 5' region of exon 1, such as at codon 15 (TGG→TGA), do not elicit NMD (see above). 73 Nevertheless, these mRNAs with short open reading frames codify for very short peptides that, if translated, are degraded. Thus, carriers of these extremely premature nonsense mutations are also asymptomatic for bthalassemia ( Figure 2 and Table 2) .
From these studies, it becomes clear that NMD can represent a crucial modulator of the clinical phenotype not only of b-thalassemia, but also of many other genetic disorders. In most conditions, this mechanism is beneficial and helps in the elimination of transcripts which might encode C-terminally truncated proteins with dominantnegative or gain-of-function effects. However, it is important to note that there are some examples in which NMD aggravates the disease phenotype because truncated proteins that would otherwise retain some normal function are not produced, leading to haploinsufficiency. 87 
Conclusions
The understanding that mRNA stability can impact on gene expression regulation and, consequently, on the genotype-phenotype correlation in many genetic disorders has led to a number of highly useful studies regarding mRNA decay and quality control pathways. The human b-globin mRNA as the product of a normal or a naturally-occurring mutated allele has proved to be an excellent experimental model system, not only to study the outcome of specific mRNA defects, but also to clarify many general features of mRNA stability control and surveillance as well as their role in the regulation of gene expression. Further studies will be important to reveal novel aspects of these pathways, which might provide perspectives for the development of new strategies to treat diseases associated to mutations that target the corresponding transcripts for rapid decay. As the severity of disease in patients with b-thalassemia is directly related to the relative excess in b-globin synthesis, therapies that decrease this chain synthesis disequilibrium are predicted to reduce the clinical severity of b-thalassemia. PTCs are a major cause of b-thalassemia worldwide. They may induce rapid mRNA decay through the NMD mechanism or generate non-functional truncated b-globin chains. Therefore, therapies that increase b-globin mRNA stability and/or suppress the nonsense codon recognition would increase the level of full-length protein and could, therefore, be of great value in the treatment of b-thalassemia patients. In fact, development and testing of therapies to correct the effect of PTC-containing transcripts are ongoing 88 for treatment of several PTC-associated diseases. 
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